A granular system of FeRh-based nanoprecipitates ($10-15 nm diameter) embedded in a rapidly solidified copper ribbon matrix was found to transit from a metastable tetragonal L1 0 (AuCu-1-type) structure to a stable B2 (CsCl-type) structure upon annealing-induced coarsening to $94 nm. The hysteretic magnetic transition observed at $100 K develops a gradual broadening that accompanies the L1 0 ! B2 crystal structure transition. It is proposed that the Cu matrix influences the structural and magnetic properties of the FeRh-based nanoparticles through interfacial strain and chemical effects. These results emphasize the sensitivity of the magnetostructural response of FeRh to changes in the nanostructural scale, and provide pathways for tailoring the transition. V C 2013 AIP Publishing LLC.
In its bulk form, the near-equiatomic phase of Fe 1Àx Rh x (0.47 x 0.53) has a cubic B2 (CsCl-type) crystal structure that exhibits an abrupt antiferromagnetic (AFM) to ferromagnetic (FM) transition upon heating to T $ 350 K, 1 which is accompanied by a unit cell volume increase of 1%. 2 Giant magnetoresistance, 3 giant magnetocaloric, 4 and giant volume magnetostriction 5 effects have been reported in this compound, with the magnetostructural transition driven by a multitude of physical inputs such as pressure/strain, 6-8 magnetic field, 4, 5 and temperature. 9 Thus, it is anticipated that FeRh has significant potential for technological impact as it may be integrated into a wide selection of magnetic devices ranging from actuators 10 to networked environmental sensors.
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Although extensive research has been carried out at the nanostructural scale on thin film forms of FeRh (thickness <100 nm), [6] [7] [8] little work has been performed on FeRh nanoparticle systems. [12] [13] [14] In this current study, rapid solidification of an alloy of nominal composition (FeRh) 5 Cu 95 followed by moderate heat treatment fostered nucleation of nanoprecipitates of FeRh embedded within a Cu matrix. Characterization of this heterogeneous Cu-based system indicates that the structural and magnetic properties of the FeRh nanoparticles are dependent upon the annealing conditions, and in this manner, potential pathways are provided to modify the phase transition. Previous studies conducted by the current authors on rapidly solidified (FeRh)-Cu-based ribbons indicate that low annealing temperatures (T a 873 K) drive formation of non-interacting FeRh nanoprecipitates ($10-15 nm) with the L1 0 (AuCu-1-type) structure exhibiting a hysteretic magnetothermal transition at T $ 100 K. 15 Here, we demonstrate that annealing-induced coarsening of these nanoparticles is accompanied by a structural phase transition from a metastable tetragonal L1 0 (AuCu-1-type) structure to a more stable B2 (CsCl-type) structure. A gradual broadening of the magnetothermal transition commencing at $100 K accompanies the crystal structure transition. The origins of these effects are attributed to nanoparticle-matrix interfacial strain and chemical effects.
Rapidly solidified (FeRh) 5 Cu 95 ribbons ($100 lm thick, $3 mm wide) were prepared by melt spinning an arc-melted precursor alloy in an Ar atmosphere (quenching wheel speed: 31 m/s). The samples were sealed in silica tubes under nominal vacuum of 1 Â 10 À6 Torr and isochronal annealing for 30 min was carried out in a tube furnace in the temperature range of 373 K T a 1073 K. The chemical composition and homogeneity of the as-spun (FeRh) 5 Cu 95 ribbons were confirmed using energy-dispersive X-ray spectroscopy in a scanning electron microscope (SEM-EDS).
The structural properties of the as-quenched and annealed ribbons were examined with transmission electron microscopy (JEOL 2010 TEM) and synchrotron X-ray diffraction (XRD). The XRD experiments were conducted in transmission mode at the National Synchrotron Light Source (NSLS) Beamline X16C at Brookhaven National Laboratory. The energy of the incident radiation, was set to $17 keV (photon wavelength k ¼ 0.7 Å ). Error due to instrumental broadening was estimated as negligible. Bragg peaks obtained from the X-ray diffraction pattern were fitted to a Pseudo-Voigt fitting function and a least-squares fit was applied to estimate lattice parameters. 16 Line broadening analysis using the Williamson-Hall method was employed to estimate the strain within the crystal lattice (e) and the crystallite size (D hkl ) of the Cu matrix and of the FeRh nanoparticles. 17 In this method, the peak widths of the Bragg reflections (b*) are plotted as a function of inverse d-spacing (d*):
where FWHM is the full-width at half-maximum intensity of the Bragg peaks, h is the Bragg angle, and d* ¼ 2 sin(h)/k. The d* intercept yields the crystallite size and slope yields the strain parameter (e).
The magnetic behavior of the system was investigated with superconducting quantum interference device (SQUID) magnetometry in magnetic fields up to H ¼ 5 T and temperatures in the range of 20 K T 800 K in both zero-fielda)
Author to whom correspondence should be addressed. Electronic mail: barua.r@husky.neu.edu. (2013) cooled (ZFC) and field-cooled (FC) conditions. Previous studies indicate that the rapidly solidified (FeRh) 5 Cu 95 ribbons consist of multiple magnetic phases demonstrating spinglass (T 15 K), ferromagnetic, and paramagnetic (T > 20 K) behavior. 15 While the paramagnetic phase is ascribed to the formation of a dilute metastable solid solution of Cu(Fe) upon rapid solidification, 18 the ferromagnetic phase is attributed to the FeRh nanoparticles embedded in the Cu(Fe) matrix. 15 Following Bitter et al., 18 the overall paramagnetic susceptibility (v tot ) in the (FeRh) 5 Cu 95 ribbons is described by the sum of Curie-Weiss-type susceptibility (first term) and temperature-independent Pauli paramagnetic susceptibility (second term):
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where C is the Curie constant, h p is the paramagnetic Curie temperature, and v pp is the temperature-independent Pauli paramagnetic susceptibility. Under the assumption that magnetic contributions of the different phases in the (FeRh) 5 Cu 95 ribbons are independent from one another, subtraction of the paramagnetic background from the temperature-dependant magnetization data of the annealed (FeRh) 5 Cu 95 ribbons reveals the magnetic behavior of the dilute FeRh precipitates in the Cu matrix. 15 In the as-solidified sample, no crystalline phases other than face-centered cubic (fcc) Cu with a slightly expanded lattice parameter, a ¼ 3.624 6 0.001 A (relative to the standard Cu lattice parameter of a ¼ 3.615 Å , Ref. 17) was observed using XRD. Previous studies on (FeRh) 5 Cu 95 ribbons annealed to 773 K indicate that the structure of the annealed ribbons consists of micron-scale polycrystalline grains of Cu (a ¼ 3.623 6 0.001 A) containing FeRh nanoprecipitates with an approximate diameter of 10 nm. 15 The TEM selected-area electron diffraction (SAED) patterns obtained from the FeRh nanoprecipitates' indexes to a tetragonal L1 0 (CuAu 1)-type crystal structure with lattice parameters a ¼ 4.32 6 0. 13 A and c ¼ 4.20 6 0.13 A. 15 The population of L1 0 -ordered FeRh nanoparticles within the sample annealed to 773 K is too small and dilute to be detected XRD. However, the synchrotron XRD data of the (FeRh) 5 Cu 95 ribbons annealed to 1073 K, shown in Fig. 1 The Williamson-Hall analysis of the data reveals that the crystallite size of the B2-ordered FeRh precipitates is estimated at 94 6 13 nm and the lattice strain in the precipitates is e $ 0.1%.
The ZFC temperature-dependent magnetization curves (H appl ¼ 100 Oe) of the as-quenched and annealed (FeRh) 5 Cu 95 ribbons are shown in Fig. 2 . In the as-quenched state, the ribbons are predominantly paramagnetic (Fig. 2(a) ), whereas the annealed ribbons (473 K T a 873 K) exhibit a magnetic transition at T t $ 100 K (Fig. 2(b) ). 15 Upon further annealing to 1073 K, the magnetic transition becomes broadened (Fig. 2(c) ). Subtraction of the paramagnetic background from the temperature-dependant magnetization data of the annealed (FeRh) 5 Cu 95 ribbons reveals the magnetic behavior of the FeRh precipitates in the Cu matrix. From Fig. 3(a) , it is clear that the magnetic transition at T $ 100 K is remarkably similar to the AFM ! FM phase transition observed in equiatomic FeRh alloys at T t $ 350 K. The net magnetization of the (FeRh) 5 Cu 95 ribbons at the transition increases upon annealing to higher temperatures and additional broadening is seen in the sample annealed to 1073 K. The high temperature magnetization behavior (H appl ¼ 1000 Oe) of (FeRh) 5 Cu 95 ribbons annealed to 1073 K (400 K T 780 K) is shown in Fig. 3(b) . It is to be noted that the T c of this sample is the same as that of bulk Fe 0.54 Rh 0.46 alloys where T c $ 810 K.
In this study, a phase-separated system of FeRh nanoprecipitates in a Cu matrix was synthesized via rapid solidification and subsequent annealing of a precursor alloy of composition (FeRh) 5 Cu 95 . Characterization of the nanocomposite system indicate that the crystallographic and magnetic properties of the FeRh nanoprecipitates can be altered significantly by changing the annealing conditions of the (FeRh) 5 Cu 95 ribbons.
At low annealing temperatures (T a 873 K), the FeRh nanoprecipitates ($10-15 nm) exhibit a metastable L1 0 -ordered structure, with a hysteretic magnetothermal transition at $100 K. 15 It is interesting to note that the L1 0 structure has been frequently observed in various intermetallic (2013) binary compounds that comprise transition metals and noble metals. 19 In most systems, the L1 0 structure forms an equilibrium phase in the bulk alloys (example: FePt, FePd). In other cases, L1 0 -ordered structures have been observed only in nanoclusters (example: FeAu). 20 In the FeRh system, the L1 0 -ordered structure is a metastable phase which is recognized as a stress-induced martensite of the equilibrium B2-ordered phase. 21 It is important to note that formation of the L1 0 -ordered structure in FeRh systems of nanoscaled dimension has never been reported before.
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At high annealing temperature (T a > 873 K), the FeRh precipitates demonstrate the equilibrium B2-ordered crystal structure. The crystallite size of these B2-ordered precipitates, 94 6 13 nm, is considerably larger than the 10-15 nm particle size of the L1 0 -ordered precipitates observed in ribbons annealed to 773 K. 15 It is therefore proposed that the L1 0 ! B2 phase transformation in the FeRh precipitates is due to annealing-induced coarsening of the FeRh precipitates. Similar conclusions were reached in the previous reports on rapidly solidified Cu(Fe) and Cu(FeCo) nanocomposite systems, 22, 23 where the Fe and FeCo particles initially precipitate out of the supersaturated Cu matrix as a coherent fcc phase. Upon annealing, the Fe/FeCo particles ultimately transform to their equilibrium body-centered cubic (bcc) crystal structure.
The crystallographic structure plays a critical role in influencing the magnetic properties of the FeRh nanoprecipitates. While it is well-known that near-equiatomic B2-type FeRh alloys have a magnetostructural transition temperature of T t $ 350 K, 1 the existence of the magnetostructural phase transition in the pure L1 0 FeRh phase has not been confirmed in the literature. 21 The L1 0 -ordered FeRh nanoparticles (10-15 nm) synthesized in this study demonstrate a significant reduction in T t when compared to bulk FeRh. 15 This observed reduction in T t may be attributed to a combination of potential factors: (a) finite size effects; (b) interfacial strain between the FeRh precipitates and the matrix; and (c) chemical inhomogeneity in the nanoparticles. Upon annealing-induced coarsening to $94 nm, the FeRh precipitates exhibit the B2-ordered structure with a broad magnetic transition ranging from $100-350 K (Fig. 3(a) ). The results presented here may be compared with the previous studies of Fe x Rh 1Àx (x ¼ 35-55) nanoparticles ($2-20 nm) that were synthesized by the solution phase chemical method. [12] [13] [14] In these studies, depending upon the composition, the nanoparticles exhibit a broad magnetic transition ranging from 275 K to 423 K, a feature that those authors attribute to inhomogeneous chemical composition and possibly surface oxidation effects. 12, 14 As the rapidly solidified (FeRh) 5 Cu 95 nanocomposite ribbons are complex and multiphase, with a rather dilute presence of nanoprecipitates (less than 5 at. %), the role of interparticle interaction on the magnetic behavior of the system is unclear. Nonetheless, the experimental evidence presented here clearly indicates that nanostructuring may provide a potential route for controlling magnetostructural phase transitions in functional materials systems that are expected to play a key role in the development of future nanodevice technologies. Overall, the results of this current study emphasize the sensitivity of the magnetostructural response of FeRh to changes in the nanostructural scale. 
